ABSTRACT Visible light communication (VLC) is regarded as a promising technology for indoor communications due to its safety, availability, and efficiency. By deploying multiple light-emitting diodes (LEDs) at the transmitter, high data rate can be achieved. On the other hand, the dimming control is necessary in VLC systems to meet the lighting requirements, and puts an additional constraint to the system design. Thus, providing required communication quality while preserving the maximum dimming control capability becomes the baseline design philosophy for VLC systems. In this paper, we focus on multi-user multipleinput multiple-output VLC systems and propose a joint beamforming and direct current bias design. The proposed scheme can be formulated as an optimization problem and finds the minimum dimming level subject to the transmission rate requirement as well as the lighting constraints. Semi-definite program method and concave-convex procedure are exploited to solve the optimization problem efficiently. The impacts of locations of LEDs and users to the dimming control are also studied with numerical results.
current (DC) bias. Most importantly, lighting constraints are essential for practical VLC systems to provide illumination. The dimming control is a specific feature in VLC to satisfy brightness requirements and limit the dynamic range of communication signals [13] , [14] , and identified as one of the key challenges in VLC by the IEEE 802.15.7 task group [15] . It can also be fulfilled by adjusting the DC bias.
The visible light has huge bandwidth, greatly mitigating the immediate need for wireless spectrum resources. However, the illumination devices (LEDs) have limited switching speed and put limits to the transmission bandwidth. In RF wireless communications, multiple-input multipleoutput (MIMO) is a milestone which tremendously enhances the data rate and robustness. Similarly, it is general to make use of multiple LEDs in VLC. Besides, the orthogonal frequency-division multiplexing (OFDM) is widely used as well because it provides an effective solution to intersymbol interference (ISI) using fast fourier transform (FFT). Therefore, higher data rate can be achieved within limited modulation bandwidth by combining MIMO and OFDM in VLC. Furthermore, modified OFDM schemes such as asymmetricallyclipped optical OFDM (ACO-OFDM) or DC-biased optical OFDM (DCO-OFDM) [6] , [16] [17] [18] [19] is applied with Hermitian symmetry operation to ensure the real-valued baseband signal after inverse fast fourier transform (IFFT).
Apart from achieving higher communication rate, multiple LEDs are also deployed in a room for brightness requirements. It is natural to extend the VLC system to serve multiple users with multi-user MIMO (MU-MIMO) schemes. In MU scenarios, the interference among different users is a limiting factor to the system performance. To overcome this issue, Yu et al. [20] applied linear zero-forcing (ZF) and zero-forcing dirty paper coding (ZF-DPC) techniques for MIMO broadcasting systems. [21] and [22] proposed modified ZF precoding to maximize the total spectral efficiency. Joint precoder and equalizer design for VLC was studied in [23] and [24] analyzed the system performance with different precoding schemes.
The above studies mainly aimed at achieving the high data rate, which covered the communication aspects of the VLC system. However, lighting constraints were mostly neglected. Since the VLC has to satisfy both the illumination and the data transmission requirement, it is necessary to design the system with full consideration of lighting constraints as well. In this paper, we provide a baseline design to address the dimming control in the MU-MIMO VLC system. Our contribution is to propose an suboptimal beamforming scheme to obtain the minimum illumination intensity while satisfying users' rate requirements. The problem is not convex as shown in this paper later, but the semi-definite program (SDP) relaxation and the concave-convex procedure (CCCP) algorithm [25] , [26] can be utilized. Thus the rank-1 beamforming design is transformed into a convex problem and solved efficiently. Furthermore, the numerical results demonstrate the dimming control is affected by the locations of the transmitters and the receivers as well. The study provides a satisfactory data rate with minimum impact on the dynamic range of the lighting.
The rest of the paper is organized as follows. In Section II, the system model is introduced. Lighting constraints are investigated as design criteria in Section III. Section IV formulates the optimization problem for beamforming with DC biases under certain requirements. Section V presents the simulation results, and we conclude the paper in Section VI.
For the convenience of the readers, the notations are summarized here. Bold upper case letters B represents matrices. Bold lower case letters b represents vectors. diag{b} is a diagonal matrix with entries of vector b along diagonals. 
II. SYSTEM DESCRIPTION
In a typical indoor VLC system, we assume M users (receivers) are served by N LEDs (transmitters) on the ceiling of a room with size W ×L ×H , where W , L and H denote the width, the length and the height of the room, respectively. The location of the jth LED is (x j , y j , z j ), j = 1, 2, . . . , N , and the ith user is located at (m i , n i , p i ), i = 1, 2, . . . , M , as depicted in FIGURE 1. Consider an MU-MIMO scenario, the received signal can be written as follows [22] 
where r is the responsivity of the photo diode (PD), G ∈ M ×N denotes the channel matrix, s = [s 1 , . . . , s N ] T is the transmitted optical signal, v ∈ M ×1 stands for the realvalued additive white Gaussian noise with zero mean and covariance matrix C = diag{δ 2 1 , δ 2 2 , . . . , δ 2 M }, and δ 2 i is the noise variance at the ith receiver. Following the results in [3] , the noise variance at the ith receiver can be divided into two parts, shot noise and thermal noise, i.e. δ 2 i = δ 2 i,shot +δ 2 i,thermal . Concrete parameters can be found in TABLE 2.
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The VLC channel between the jth LED and the ith user is completely characterized by G ij . It varies much slower than that in RF communication, especially for indoor environment. Moreover, the influence of the direct path is large enough to contribute more than 95 percent of total optical power at the receiver [3] . Thus we only need to consider the line of sight (LOS) propagation path for simplicity. In this paper, we assume that there is a default feedback path available for the downlink channel state information feedback, following the same assumption in [4] and [8] .
The general Lambertian LOS channel model can be represented as follows [1] , [2] 
where k is the order of Lambertian emission, S a denotes the physical area of the detector at receiver, d ij is the distance between the jth LED and the ith user, j denotes the angle of irradiance, ϕ ij denotes the angle of incidence, T s (ϕ ij ) stands for the gain of the optical filter, g(ϕ ij ) is the gain of the optical concentrator, and ϕ ci represents the field-of-view (FOV) angle of the ith receiver. The optical concentrator g(ϕ ij ) is given as below
where ϑ i is the index of refraction which is decided by the PD.
III. OPTICAL CONSTRAINTS
In an MU-MIMO VLC system, transmitting signals are constrained in the real and positive domain by adding an appropriate DC bias. A restriction that LED only works in its linear range should be satisfied as well. Other constraints, including dimming control are also discussed in this section.
A. POWER VARIATION CONSTRAINT
Define F ∈ N ×M as the precoding matrix, and s = [s 1 , . . . , s M ] T containing data symbols of M users with s i ∼ N (0, 1), which is standard normal distribution. The precoded signal at the jth LED is
In DCO-OFDM, a bias b j is added to ensure the input signals of each LED for optical modulation are real and positive. Then the transmission optical signal can be represented as
To constrain the current s j within the LED linear regime, we need
For simplicity, set
2 [22] , we can obtain
Moreover, x j can be approximated by N (0, σ 2 j ) with
To fully utilize the dynamic range of the LED, we usually allow a small percentage of the signal exceeding the linear region. Assume the required probability beyond the dynamic range is less than ρ, i.e.,
The power variation constraint can be written as
where Q −1 is the inverse of Q function. The Q function is the tail probability of the standard normal distribution and defined as
2 )dµ. It is well tabulated and can be computed in most of the mathematical software package such as Matlab. Furthermore, the clipping process is carried out for signals exceeding the dynamic range, which causes clipping distortion. When the probability beyond dynamic range is really small, the clipping distortion can be ignored. In our simulations in Section V we set ρ = 0.01. 
B. SINR REQUIREMENT
In an MU-MIMO VLC system, the interferences may seriously affect the bit error rate of the system. For example, in a 2 × 2 MIMO system given by TABLE 1, the channel loss can be obtained by (2) and is given by 10 −6 3.54 3.54 1.80 0.89 .
The variance of noise is
The power of data symbols is normalized to 1, thus the corresponding signal-to-interference-plus-noise ratios (SINRs) of user 1 and user 2 are
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From the above calculation, we observe that the SINRs for both users are quite low. It is hard to extract desired signal for certain user. The interference among different users is the major bottleneck of an MU system. Consequently, beamforming is needed to reduce the interferences among users.
According to the system model, the received signal of the mth user is 
It needs to satisfy
where γ 1 , γ 2 , . . . , γ M are the SINR requirements that users should achieve.
C. DIMMING CONTROL
Appropriate dimming control is needed to satisfy the illumination requirement by adjusting the forward current through the LED. Taking conference rooms as an example, the dimming level is demanded as low as 1 percent of the maximum illumination for comfort and aesthetic purposes, and the same as in restaurants or examination rooms. Whereas stairwells or corridors rooms have a flexible dimming requirement, allowing dimming to limit the output to 20 percent of the maximum value [13] , [14] . The normalized dimming level ν can be defined as [27] , [28] 
where I D is the average baseband current, and can be defined as
Therefore, dimming control can be achieved by adjusting b j . Considering each LED may have a range of dimming level, a per-LED dimming level constraint can be written as
where d c j represents the basic DC bias value, and ε j denotes the variation range, i.e. the DC bias b j is restricted within an interval from d c
IV. PROBLEM FORMULATION
With the above VLC specific constraints, the design target for an MU-MIMO VLC system is to minimize the impact on the VLC system when meeting the illumination requirement.
In other words, we need to provide satisfactory communication speed with minimum DC bias to support the dimming control. The overall problem can be formulated as
In (20)- (23), the objective function is the total DC biases of the system, or the overall illumination requirements in certain area. The constraint (21) is to define the rate requirement of each user, which is determined by the SINR of the system; (22) limits the probability of the transmitting signal exceeding the dynamic range of the LED; the illumination dynamic range of each individual LED is specified in (23). However, except for the last constraint (23), the other two constraints are non-convex. Here, we exploit SDP relaxation, which is widely used in beamforming design of wireless communication. The expression of SINR constraints (21) can be rewritten as
Defining matrices A m,i as follows
then the SINR constraints are equivalent to
Let
It is straightforward to show that
where '' '' denotes the positive semi-definite, and X m is a positive semi-definite matrix with rank 1. Combing (8) and (10), the constraint (22) can be written as
Thus, the power variation constraint P(|x j | ≥ b j ) ≤ ρ can be written as
Using SDP relaxation and omitting all the constraints of rank(X i ) = 1, the optimization problem can be reformulated as
Unfortunately, the problem (33)- (37) is still not convex either because the left hand of the second constraint (35) belongs to the difference of two convex functions. Thus, (35) can be classified as the difference of convex programming [29] , and the locally optimal solution can be found with the concave-convex procedure (CCCP) proposed in [25] and [26] . The algorithm includes an iterative process. In the tth iteration, we replace the quadratic term b 2 j with its first-order Taylor expansion [22] (b
where b
j is given, therefore (38) is a linear function of b j . Let b * j be the optimal solution to b j . We set b
and continue the (t + 1)th iteration. Problem (33)-(37) can be rewritten as a convex form
and solved by the CVX [30] in Matlab efficiently.
As one of the most efficient convex optimization toolboxes, the CVX can handle the SDP using an interior-point algorithm with solution accuracy ς . In our specific suboptimal problem, the SDP complexity is polynomial in the problem size N and the number of constraints 2(M + N ), and scales slowly (logarithmically) with ς. Therefore, the SDP problem can be solved with a worst-case complexity of O(16(M + N ) 4 N 1/2 log(1/ς)) in one iteration [31] . According to the simulation setup in Section V, it usually takes less than 10 iterations to converge. Since the MU-MIMO VLC scenario usually occurs indoor, the channel can be regarded as stationary and does not change frequently. Thus the complexity in the optimization is not a big problem in application.
V. SIMULATION RESULTS
In order to validate the proposed optimization design, we simulate a VLC system with 4 LEDs and 2 users, the parameters of this multi-LED and multi-user system are listed in TABLE 2 as below.
In the simulation, we first assume that the LEDs and the users are located at the positions given in TABLE 3. FIGURE 2 shows the minimum DC bias of total LEDs with different per-LED dimming level constraints. d c j is set as 0.7A for every LED. From the plotted curves, we observe that a larger SINR requirement calls for higher DC bias due to the greater demand for communication data rate. However, a larger ε generates lower bias value, since it means looser requirements for brightness. Particularly, the proposed design without per-LED dimming level constraint reaches the smallest DC bias and performs the best.
On the other hand, different from previous research fixing the DC bias and optimizing beamforming matrix, our scheme takes a full consideration of communication data rate as well as lighting requirements. The maximum range of dimming level is proposed. The proposed scheme allows a flexible dimming control according to users' demands without adjusting beamforming matrix. For example, when SINR = 10dB and ε = 0.45, the minimum DC bias of total LEDs is around 1.70A. From the constraint (41) in optimization problem, 1.54 ≤ 4 j=1 b j ≤ 4.06, i.e. the relative minimum DC bias of total LEDs can vary from 1.70A to 4.06A and achieve certain communication data rate at the same time. Furthermore, in the process of adjusting dimming level, the original solved beamforming matrix is always feasible to satisfy all of the constraints. Thus the beamforming matrix can be applied to other higher dimming levels.
The effects of LEDs' and users' locations on the dimming control are investigated in FIGURE 3 and FIGURE 4 , respectively. Note that flexible dimming control discussed in FIGURE 2 can also be achieved at any locations. Moreover, in FIGURE 3, the LEDs are located symmetrically with fixed user positions as shown in TABLE 4. When LEDs are too close to each other, there is almost no difference among channels, i.e. no spatial multiplexing, which generates severe interferences among users. Thus the dimming level is infeasible on these points with certain SINR. This observation is different from the conventional wireless communication systems when the direct path is not very strong and multi- locations of LEDs change from the center to the corner, and achieves the optimum points in the middle. However, higher illumination is required at corners due to the decrease of the channel gains. Similarly, the total dimming level experiences the same process in FIGURE 4, where we fix the LEDs' and one user's locations while the other moves around as depicted in TABLE 5.
VI. CONCLUSION
In this paper, we propose a joint beamforming and DC bias optimization. Meeting specific data rate requirements for MU-MIMO VLC systems, the suboptimal solution minimizes the impact to the illumination requirements. In other words, we optimize the system in the sense of maximum dimming control flexibility. SDP relaxation and CCCP are utilized to solve the problem. From the simulation results, the total minimum DC bias is significantly affected by the SINR requirements, the per-LED dimming level constraints, and the positions of LEDs as well as users. After the DC bias and beamforming matrix at certain locations are solved, the maximum range of dimming control can be known accordingly. The beamforming matrix can stay the same during the process of dimming control. He has authored or co-authored two book chapters, authored over 70 peer reviewed papers and applied for over 50 patents with four granted U.S. patents.
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